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PURPOSE. This study was performed to characterize the effects of zirconia coated with calcium phosphate and 
hydroxyapatite compared to smooth zirconia after bone marrow-derived osteoblast culture. MATERIALS AND 
METHODS. Bone marrow-derived osteoblasts were cultured on (1) smooth zirconia, (2) zirconia coated with 
calcium phosphate (CaP), and (3) zirconia coated with hydroxyapatite (HA). The tetrazolium-based colorimetric 
assay (MTT test) was used for cell proliferation evaluation. Scanning electron microscopy (SEM) and alkaline 
phosphatase (ALP) activity was measured to evaluate the cellular morphology and differentiation rate. X-ray 
photoelectron spectroscopy (XPS) was employed for the analysis of surface chemistry. The genetic expression of 
the osteoblasts and dissolution behavior of the coatings were observed. Assessment of the significance level of 
the differences between the groups was done with analysis of variance (ANOVA). RESULTS. From the MTT assay, 
no significant difference between smooth and surface coated zirconia was found (P>.05). From the SEM image, 
cells on all three groups of discs were sporadically triangular or spread out in shape with formation of filopodia. 
From the ALP activity assay, the optical density of osteoblasts on smooth zirconia discs was higher than that on 
surface treated zirconia discs (P>.05). Most of the genes related to cell adhesion showed similar expression level 
between smooth and surface treated zirconia. The dissolution rate was higher with CaP than HA coating. 
CONCLUSION. The attachment and growth behavior of bone-marrow-derived osteoblasts cultured on smooth 
surface coated zirconia showed comparable results. However, the HA coating showed more time-dependent 
stability compared to the CaP coating. [J Adv Prosthodont 2014;6:96-102] 
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INTRODUCTION 

Commercially pure titanium has been employed as the best 
material for dental implants due to its biocompatibility and 
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excellent mechanical properties. Healing of peri-implant 
tissue can be influenced by the physicochemical and 
mechanical properties of the implant material, microstruc- 
tures, macrostructures, and surface chemistry of the 
implant. The surface topography and chemistry of an 
implant material can have beneficial or disadvantageous 
influence on cell adhesion and proliferation, thereby con- 
trolling the osseointegration process. Studies on the effects 
of surface modified materials on the adherence and spread- 
ing of cells have recently been reported or are in prog- 
ress.^"^ 

One of the handicaps of titanium from an esthetic 
point of view, as a dental implant material, is that the dark 
gray color of titanium can shine through the thin soft tis- 
sues. Soft tissue shrinkage leading to gingival recession or 
peri-implantitis may leave the cervical titanium component 
visible. Implants or transgingival abutments from tooth-col- 
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ored materials such as zirconia ceramic may be one possible 
solution to these problems with the dark color of titanium. 
Zirconia has tooth-like ivory color and somewhat translu- 
cency, making it sufficient material for esthetic restorations. 

Zirconia ceramic is a biocompatible material that has 
optimal esthetic and mechanical properties for dental 
implants. The biomaterial-related properties of zirconia are 
as advantageous as those of titanium.^ Tissue reaction and 
stability of zirconia, which are important factors in main- 
taining zirconia restorations free of periodontal problems, 
proved to be satisfactory.^'^ Bacterial coverage and accumu- 
lation on zirconia was reported to be lower than on titani- 
um.^'^° Inflammation associated processes in peri-implant 
soft tissues were found to be higher around titanium than 
around zirconia.^ ^ The material composition and profile of 
transgingival implant components seems to influence cell 
behavior and growth. The macrostructures of the zirconia 
ceramic are able to provide contact guidance and gingival 
contouring to provide biological seal.^'^^ Zirconia ceramic 
can be suitable for transgingival implant components'^ 
resulting in final esthetic results, but more clinical and 
mechanical trials are necessary for a complete understand- 
ing of the behavior of zirconia abutments and implants 
over a long time period. 

In hard tissue engineering, calcium phosphate (CaP) 
ceramics, such as hydroxyapatite [HA; Ca^Q(PO^^(OH) J 
and tricalcium phosphate [TCP, Ca2(PO^J, have attracted 
attention due to their excellent biocompatibility and osteo- 
conductivity'"^ Clinical reports on the CaP ceramics proved 
their direct bonding to bone and complete osseointegra- 
tion. However, their poor mechanical properties, such as 
low strength and fracture toughness, limited wide applica- 
tion in hard tissue implants. Calcium phosphate was accu- 
mulated on zirconia surfaces by ion beam assisted deposi- 
tion (IBAD) and hydroxyapatite by aerosol deposition. The 
compositional degradation of calcium phosphate coatings 
is caused by the deposition process involving very high 
temperatures, low binding strength, and thick coatings. The 
binding strength between the coating and the implant mate- 
rial is one of the critical characteristics which affect the 
long-term stability of the bone-implant interface. 

The cell culture system used in this study was rat bone 
marrow-derived osteoblasts. After implantation, the surface 
properties of biomaterials can affect the osteogenic and 
differentiation potentials of mesenchymal cells. 

This study was performed to characterize the attach- 
ment and growth behavior of bone marrow-derived osteo- 
blasts cultured on zirconia surfaces with calcium phosphate 
coatings and hydroxyapatite coatings compared to smooth 
surfaced zirconia. Also, we evaluated the dissolution rates 
of the coatings of surface treated zirconia. 

MATERIALS AND METHODS 

Zirconia discs (LAVA™, 3M ESPE, St. Paul, MN, USA) of 
Y-TZP (yttrium- stabilized tetragonal zirconia polycrystal) 
with a diameter of 10 mm and a thickness of 2 mm were 



prepared by pressing and sintering at 1500°C for 2 hours. 
The zirconia discs of three surface types were prepared. 
One type was Y-TZP with a smooth surface (ZS group), 
another was Y-TZP with IBAD (Ion Beam Assisted 
Deposition) Ca-P coating (CaP group), the third was 
Y-TZP with HA deposition (HA group). Twenty discs of 
each group were fabricated and tested for proliferation, dif- 
ferentiation, osteogenic potential, and gene expression. 
Disc samples were cleaned ultrasonically in acetone, etha- 
nol, and de-ionized water. 

Calcium phosphate film (up to 500 nm) was deposited 
on zirconia disk by the electron-beam deposition system. 
Mixed powder of hydroxyapatite (Alfa Aesar, Johnson 
Matthey, London, UK) and calcium oxide (Sigma, St. Louis, 
MO, USA) were sintered at 1 000°C for 2 hours. An electron 
beam evaporator (Telemark, Battle Ground, WA, USA) at 
7.5 kV and 0.13 A, and an end-hall type ion gun (lonbeam 
Scientific, Berks, UK) at 90 V and 2.0 A were employed for 
deposition. Heat treatment after the deposition was con- 
ducted at 400°C in the vacuum of 3 mm Torr. 

The raw HA powder (Alfar Aesar, Ward Hill, MA, USA) 
used in this study was subjected to the pre-deposition treat- 
ment consisting of heating to 1100°C for 1 hour. HA depo- 
sition was conducted by using an aerosol deposition system. 
The powder was placed in a vibrating aerosol chamber that 
contained fine floating particles. The fine particles were 
carried by oxygen gas and sprayed onto the zirconia disk in 
the deposition chamber. The chamber was continuously 
evacuated using a mechanical booster and rotary pumps. 

Bone marrow-derived osteoblasts were harvested and 
cultured following the methods described by Maniatopoulos 
et alP Femurs of two six-week-old male Sprague-Dawley 
rats were removed. The bones were washed with 70% alcohol 
and immersed twice in alpha-MEM (Sigma, St. Louis, MO, 
USA) culture medium containing 100 units/mL penicillin- 
G, 100 g/mL streptomycin (Gibco BRL, Life Technologies 
BV, Bleiswijk, The Netherlands). The condyles were 
removed and the bone marrow flushed out using complete 
cell culture medium (alpha-MEM) with 15% fetal bovine 
serum (Gibco, Invitrogen Ltd., Paisley, UK) and supple- 
mented with 50 [jLg/mL ascorbic acid (Sigma, St. Louis, 
MO, USA), 7 mM Na-beta-glycerophosphate (Sigma, St. 
Louis, MO, USA). The resulting suspension was passed 
through a 22-gauge needle. The adherent cell population 
was cultured at 37°C in 5% CO^. After seven days of pri- 
mary culture, cells were trypsinized and resuspended in 
complete culture medium. Cells culture on disks placed in a 
24-well plate was carried out for all experiments. 

Cells were collected and seeded at a density of 1 x 10^ 
cells/mL by using 0.1% trypsin and 0.02% EDTA in Ca++ 
and Mg^^-free Eagle's buffer for cell release. Each set of 
wells contained 24 sterile zirconia disks at 37°C in 5% CO^ 
for 24 hours. The samples were then moved to new dishes, 
fresh media were added, and the plated disks were cultured 
at 37°C in 5% CO^ for an additional 24 hours. All cell cul- 
ture media were supplemented with 100 units/mL penicil- 
lin-G, 100 g/mL streptomycin, and 0.25 g/mL fungizone 
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(Gemini Bio-Products Inc., Woodland, CA, USA). 

The cellular viability and proliferation of cells were 
examined with an MTT based cell growth determination kit 
(CGDl; Sigma, St. Louis, MO, USA). 3-(4,5-dimethylthia- 
2ol-2-yl)-2,5-diphenyl-tetra2oliumsalt (MTT), which turns 
into a blue formazan product due to the viable mitochon- 
dria in active cells was used. The osteoblasts were seeded at 
a density of 2 x lO^cells/mL and incubated at 37°C in 5% 
CO^ for 24 hours and 48 hours. After 24 hours and 48 
hours of incubation, the discs were moved to well plates 
and new media were added. Then, diluted MTT (5 mg/ mL) 
solution was added, and the incubation was continued at 37°C 
in 5% CO^ for 4 hours. The incubation medium was then 
removed, 400 ja,L of isopropanol with 0.04 N HQ was add- 
ed to each well, and the resulting formazan crystals were 
dissolved. The absorbance of the formazan product at 490 
nm was measured with a microplate reader (Bio-kinetics 
reader, EL312e, Winooski, VT, USA). The absorbance of 
formazan reflects the level of cell metabolism. Experiments 
were repeated independently in triplicate. 

SEM was used to analyze the cellular attachment and 
morphology of the cells. Cells were seeded at a density of 2 
X 1 0"^ cells/mL. The cultured cells were incubated for 24 
and 48 hours at 37°C in 5% CO^. The loosely-adherent or 
unbound cells were removed from the wells by aspiration. 
Wells were washed twice with a 0.1 M phosphate buffered 
saline (PBS) buffer (pH 7.4), and the remaining bound cells 
were fixed with 2.5 % glutaraldehyde in 0.1 M sodium caco- 
dylate buffer, pH 7.3, for more than 1 hour. The excess glu- 
taraldehyde solution was removed and the cells were rinsed 
once more in PBS before being dehydrated in ethanol baths 
of progressively higher concentrations (50, 60, 70, 80, 90, 
95, and 100%, 10 min in each bath). After the cells were 
dried to a critical point, the samples were sputtered with a 
100 nm thick layer of gold using an ion coater (IB-3, Eiko 
Co., Tokyo, Japan). Attachment and morphology of the cells 
on the discs were observed by VEGA SEM (TESCAN, 
Brno, Czech Republic). Images were recorded at 5,000 X 
magnification. 

Osteoblast differentiation generally implies expression 
of alkaline phosphatase (ALP), specific protein and miner- 
alization capacity. ALP is a widely used osteoblast marker, 
and increased ALP activity is associated with elevated 
osteoblastic activity. ALP activity level was evaluated after 
14 days. The cells were seeded on the substrate at a density 
of 5 X 10^ cells per well. Cells were washed twice in cold 
Tris-buffered saline (TBS), lysed with TBS-Triton and cen- 
trifuged, and the supernatant was analysed for ALP activity 
using 1 mg/mL p-nitrophenylphosphate (pNPP; Sigma, St 
Louis, MO, USA). The hydrolysis of pNPP into p-nitro- 
phenol in alkaline buffer solution was quantified. The 
absorbance at 409 nm was measured using the microplate 
reader (Bio-Rad, Hercules, CA, USA). The enzyme activity 
was expressed as [jlM p-nitrophenol/ [Jtg protein. 

X-ray photoelectron spectroscopy (XPS) is a surface- 
sensitive quantitative spectroscopic technique that measures 
the elemental composition of the surface (top 0-10 nm usually). 



Surface chemistry of the substrates was analyzed by 
x-ray photoelectron spectroscopy (XPS, K- Alpha; Thermo 
Fisher Scientific, MA, USA). The XPS spectra were record- 
ed using normal Al Ka (1486.6 eV) with a probing beam 
size of 125 [im. The recorded spectra were calibrated to the 
binding energy of C Is (284.6 eV) owing to the charge 
effect. XPS spectra were obtained at Zr 3d, Y 3d, C Is, O 
1 s, P 2p, Ca 2p, and Al 2p. 

The osteoblastic differentiation was evaluated by 
RT-PCR for examination of type I collagen, glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), osteocalcin, and 
osteonectin. RT-PCR was performed after 24 hours of cell 
incubation. Total RNA extraction was performed with the 
RNeasy mini kit (Qiagen, Chatsworth, CA, USA). The 
extracted total RNA samples were converted to cDNA. 
AmpliTaq DNApolymerase (Amersham Pharmacia 
Biotech, Piscataway, NJ, USA) was used to amplify the 
cDNA. The PCR products were fractionated by 1.5% aga- 
rose gel electrophoresis and visualized by ethidium bromide 
staining. The intensity of the bands was quantified under 
UV transillumination (Eagle Eye II, Stratagene, La Jolla, 
CA, USA). 

Dissolution behavior of Ca^^ and P" ions from the coat- 
ings were evaluated by immersion of CaP and HA group 
specimens in physiological saline solution (0.9%) NaCl. At 
the predetermined time periods (4, 8, 12, 16, and 20 hours), 
the concentration of the Ca^^ and P" ions released from the 
coated substrate was calculated with inductively coupled 
plasma-atomic emission spectrophotometer (ICP-AES; 
ICPS-IOOIV, Shimadzu, Tokyo, Japan) analysis. 

The mean values (MV) and standard deviations (SD) 
will be computed for the MTT test and ALP analysis, and 
an analysis of variance (ANOVA) and Scheffe post hoc 
tests for multiple comparisons were conducted to assess the 
statistical significance of the differences between the 
groups. Differences were considered significant at P<.05. 
All statistical analyses were performed using SPSS 18.0 for 
Windows (SPSS Inc., Chicago, IL, USA). 

RESULTS 

The optical densities of the formazan produced by osteo- 
blasts in the ZS, CaP, and HA groups were measured after 
4, 24 and 48 hours via a MTT assay (Fig. 1). The degree of 
cell proliferation for the CaP group was highest after 4 
hours. After 48 hours of cell culture, all three groups 
showed increased cellular activity and proliferation, howev- 
er, no significant differences were observed among the 
groups (P>.05). Overall, the osteoblasts seeded onto the 
three groups of zirconia specimens showed similar degrees 
of vitality and proliferation. 

The general morphology and growth pattern of the 
osteoblasts for each group were observed using SEM for 
each group (Fig. 2 and Fig. 3). On all three groups of speci- 
mens, SEM images after 24 and 48 hours of culture show 
that the cells were triangular or elongated in shape and 
spread or irregularly with some long filopodia attached to 
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Fig. 1. Evaluation of cell proliferation using MTT assay 
for the ZS group, CaP group, and HA group. The data are 
expressed as the mean values (MV) ± standard deviation 
(SD) of three independent experiments. No significant 
differences were observed betw^een the groups (P>.05). 



the substrate. After 48 hours of culture, cells on all discs 
showed increased contact to each other and firm adhesion 
to the substrate with increased formation of filopodia com- 
pared to 24 hours of culture. Overall, the osteoblasts cul- 
tured on smooth zirconia group showed comparative initial 
adhesion properties and growth pattern, compared to the 
surface treated groups. 

ALP assays were performed to compare the differentia- 
tion rate of osteoblasts on each group and the following 
results were obtained (Fig. 4). After 14 days of incubation, 
ALP was highest in the CaP group and then the ZS group 
with HA group the lowest. However, no significant differ- 
ences were observed among the groups (P>.05). 

XPS was used to determine the surface composition of 
the substrates of each group (Fig. 5). In all groups, the zir- 
conia surface was oxidized as zirconium oxide and polluted 
by carbon contaminants in all groups. The CaP and HA 
samples also showed calcium and phosphorous peaks. 




Fig. 2. SEM observations of osteoblast cultures on surface-modified zirconia after 24 h incubation (x5,000). (A) ZS 
group at 24 h, (B) CaP group at 24 h, (C) HA group at 24 h. The cells were sporadically triangular or spread out in shape 
w\th long filopodia on all three groups of specimens. 




Fig. 3. SEM observations of osteoblast cultures on surface-modified zirconia after 48 h incubation (x5,000). (A) ZS 
group at 48 h, (B) CaP group at 48 h, (C) HA group at 48 h. The cells showed more contact with each other and in 
intimate contact with the surface on all three groups of specimens. 
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Fig. 4. Evaluation of the cellular differentiation by using 
ALP analysis after 1 4 days incubation. The ALP activity of 
osteoblasts on calcium phosphate coated zirconia was 
the highest. No significant differences were observed 
among the groups (P>.05). 



However, the ZS samples exhibited zirconia, yttrium, and 
aluminum peaks. Samples with surface treatment showed 
peaks with calcium and phosphorous due to the different 
substances of the coating. 

The cells were incubated for 24 h and the mRNA levels 
of type I collagen, osteocalcin, and osteonectin were anal- 
ysed by RT-PCR. The levels of mRNA for type I collagen, 
osteocalcin, and osteonectin on the ZS, HA, and CaP 
groups were comparable and showed no significant differ- 
ences (Fig. 6). 

The dissolution rate of Ca^^ and P" was higher with CaP 
group than HA group (Fig. 7). Also, the Ca^^ and P" con- 
centration increased with time for the CaP group. However, 
it decreased with time and became generally stable at 20 
hours for the HA group. 
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Binding Energy (eV) Fig. 6. The level of mRNA for type 1 collagen, 

osteocalcin, and osteonectin. GAPDH was used as an 
Fig. 5. XPS survey spectrum of ZS, CaP, HA groups. internal control. 
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DISCUSSION 

Research for new bioactive coatings for dental implants to 
improve tissue integration and stability are still in prog- 
ress.^*^'^^ The topography and the surface chemistry are of 
great importance. ^^'^^ Recently, surface-modified zirconia 
implants have been studied for long-term stability and 
strong bone tissue response.^^ Monoclinic zirconia coated 
on titanium has been proved to have positive osteoblastic 
behavior and is potentially useful in hard tissue replace- 
ments.^^ Calcium phosphate has been used as surface coat- 
ings on implants due to its bioactivity, which enables earlier 
stabilization of implants to the surrounding bone.^^ 
Coatings with high dissolution behavior have high concen- 
tration of Ca^^ which enhances osteoblast responses and 
improves bone formation around the implant.^^ However, 
the dissolution behavior and the low adhesion strength of 
the coating layer have raised concerns on the stability of 
the implants.^"^ In the present study, the concentration of 
Ca^^ and P" released from the coatings was higher with the 
CaP group than the HA group. Also, the Ca^^ and P" con- 
centrations increased with time on the CaP group. 
However, they decreased or was stable with time on the HA 
group. The XPS results show that the ion compositions of 
the CaP and HA group are very similar. Thus, the different 
coating methods of the CaP or HA may explain the 
improved chemical stability of the HA group. This implies 
that aerosol deposition method can produce more stable 
coatings with implants and transgingival components. To 
verify the long-term stability of the zirconia coated with 
bioactive ceramics, evaluation of the adhesion strength 
between the coating and the substrate will be needed in the 
future study. 

ALP activity is an important parameter that allows for 
the assessment of the differentiation level of the mineral- 
ization of osteoblasts, and is considered as a marker of the 
early stage of osteogenic differentiation.^^ In this study, 
ALP activity of the CaP coated group was shown to be the 
highest. Although no significant differences were observed 
among the groups, it can be speculated that calcium phos- 
phate coating may have positive effects on the early stage 
of osteogenic differentiation. 

Type I collagens are major extracellular matrix compo- 
nents of osteoblasts and involved in adhesion. As osteocal- 
cin is produced by osteoblasts, it is known as a marker for 
the bone formation process. Also, osteonectin is an extra- 
cellular matrix glycoprotein which is secreted by osteoblasts 
during bone mineralization and modulates cell prolifera- 
tion. No significant differences were found in the level of 
mRNA for type I collagen, osteocalcin, and osteonectin 
during the 24 hours cell culture period. 

Surface texture of machined zirconia is known to 
enhance bone apposition and has benefits on the removal 
torque values.*^ However, in this study, smooth zirconia and 
surface coated zirconia showed overall comparable cellular 
viability which implies that surface chemistry affects osteo- 
blast attachment and spreading. More in vivo and in vitro 



investigations are needed to establish the ideal surface 
roughness and biochemical coating for the zirconia implants. 

From the semi- quantitative XPS analyses, it can be spec- 
ulated that surface treatment affected the surface chemical 
composition of the zirconia surface. Although sandblasting 
with Al^O^ was not performed, XPS results documented 
the presence of Al on the smooth zirconia surface group 
which might have been incorporated for increasing the 
toughness of the zirconia.^^ These Al^O^ particles would 
not affect the osseointegration pattern as shown by animal 
studies.^^ However, the role of residual Al^O^ on implant 
surfaces is still a matter of controversy^^ and it is difficult to 
conclude whether there is a positive or negative effect 
because of the low content of residual Al on the smooth 
zirconia surface group. Fluoride incorporation into the 
coating layer is known to bring about lower dissolution and 
greater chemical stability. Therefore, further studies on the 
incorporation of other ions and coating techniques for the 
best resistance to dissolution and higher positive cell stimu- 
lating effects are needed. Thus, we need to focus on the 
control of the in vivo degradation behavior and the mechan- 
ical properties of the coatings on the zirconia. 

CONCLUSION 

The attachment and growth behavior of bone marrow- 
derived osteoblasts cultured on smooth zirconia and sur- 
face coated zirconia showed comparable results. However, 
considering the dissolution behavior of the surface coatings 
of the zirconia, the HA coating was more stable compared 
to the CaP coating. More in vitro and in vivo researches are 
necessary to identify a stable surface with controlled and 
standardized chemistry. 
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